We have computed all the electronic states of ClO arising from the Cl( 2 P)ϩO( 
I. INTRODUCTION
The ultraviolet ͑UV͒ spectroscopy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and photodissociation 13, 14 of ClO have been intensively studied, mainly because of the chief importance of this radical in stratospheric photochemistry. 15 However, little is known about the potential energy curves of its low lying excited states, with the exception of the A 2 ⌸ state, which is responsible for the most prominent feature in the spectrum.
The A 2 ⌸ potential was calculated by the multiconfigurational SCF plus CI method. It has a minimum at R e about 0.5 bohr longer than the X 2 ⌸ ground state and correlates with Cl( 2 P)ϩO( 1 D) at long distance. The computed potential is consistent with the observation of a long vibrational progression in the X 2 ⌸→A 2 ⌸ absorption band, from 316 to 265 nm, and a continuous tail at shorter wavelengths. In the structured part of the band, all the rotational lines are broadened by predissociation. 2, 4, 8 An early attempt to explain this observation called on spin-orbit coupling with a hypothetic repulsive term, dissociating to ground state atoms. 16 However, it is clear from purely theoretical considerations that another 2 ⌸ term, arising from the Cl( 2 P)ϩO( 3 P) dissociation limit, lies between X 2 ⌸ and A 2 ⌸. Because this state is not revealed in the absorption spectrum, its potential must be repulsive, and therefore cross the A 2 ⌸ one. Dynamical nonadiabatic coupling should then be taken into account in modeling the A 2 ⌸ predissociation. The aim of this work is to provide a firm theoretical basis to the interpretation of the ClO spectroscopy and photodissociation, and in particular to the predissociation of the A 2 ⌸ state. We have computed by ab initio methods the energies and wave functions of all the doublet and quartet states arising from the Cl( 2 P)ϩO( 3 P) dissociation limit, and several more which correlate with Cl( 2 P)ϩO( 1 D) ͑see Sec. II͒. We have simulated the absorption spectrum of ClO, introducing small corrections to the potential energy curves in order to improve the agreement with available experimental data, as shown in Sec. III. Last, we have computed dynamical and spin-orbit couplings and established their role in the predissociation of the A 2 ⌸ state ͑Sec. IV͒.
II. AB INITIO CALCULATIONS
We determined electronic energies and wave functions by the multireference perturbation CI method called CIPSI ͑Configuration Interaction by Perturbation with multiconfigurational zeroth-order wave functions Selected by the Iterative process͒. [17] [18] [19] [20] [21] [22] [23] We adopted Dunning's cc-pVTZ basis set, 24, 25 and supplemented it with diffuse s and p functions on the oxygen atom, for a better description of the excited states. The s diffuse exponents 26 were 0.0608 and 0.024 and the p ones were 0.0532 and 0.021.
The MO basis for the CI was provided by formally closed shell SCF calculations, with fluctuating occupation numbers. Briefly, the population of the ith MO is distributed along the energy axis according to a Gaussian function, centered at the MO energy i ,
The orbital energy width w is an arbitrary parameter. The occupation numbers are obtained at each SCF iteration as
The normalization of G i is such that with F Ϫ i ӷw one gets n i ϭ2. The Fermi level F is set by imposing that ͚ i n i ϭ total number of electrons. All the MO's take part in the summation, there being no a priori defined occupied and virtual orbitals. 21 the reasons for this are better understood in the frame of a discussion of the electronic structure of ClO, which follows.
The adiabatic potential energy curves of ClO, as obtained from the ab initio calculations and without consideration of spin-orbit coupling, are shown in Figs. 1-3 . In Table I 
respectively. All the Rydberg states show metastable minima around Rϭ2.8 bohr, which is the equilibrium distance of the ClO ϩ core. 10 A quantitative theoretical determination of their spectroscopic constants ͑see for instance Cooper et al. 11 and references therein͒ would require a basis set with more diffuse functions. Up to now, the only study of this kind is that of Wang and McKoy, 10 limited to one internuclear distance and to 2 ⌺ Ϫ states. The energetic ordering of the states can be qualitatively explained on the basis of the most important configurations. The ground state, with four bonding and three antibonding electrons, has a partial character of double bond. The lowest excited state is 1 4 ⌺ Ϫ , where an electron is promoted from 3* to 8*, thus weakening the bond and strengthening the one; its potential curve has a shallow minimum, while the corresponding doublet is repulsive. The A 2 ⌸ state, which correlates with the O( 1 D) asymptote, is the only excited state where the bond is preserved, being a →* excitation with respect to the ground state; in fact, this ends the list of truly bound potentials. Considering the distinction between x and y orbitals, which is done in Table I only at the atomic or VB level, for a sake of simplicity, one sees that the A 2 ⌸ and 3 2 ⌸ main configurations differ by three spinorbitals; this is why their interaction matrix element is so small, and the crossing is weakly avoided.
The other electronic states, and 3 2 ⌸ itself, interact with A 2 ⌸ through spin-orbit coupling (H SO ). We have evaluated the H SO matrix elements by the effective charge approximation, which allows to neglect the two-electron part of the spin-orbit Hamiltonian ͑see, for instance, Heinemann et al. 29 or Angeli et al. 30 and references therein͒. The effective nuclear charges were determined so as to reproduce the fine structure of Cl ͓E(
) at the CAS-CI computational level. We obtained Z eff ϭ15.764 and 5.744 for Cl and O, respectively. This yields fine structure splittings of the X 2 ⌸ and A 2 ⌸ states in good agreement with the spectroscopic values. In Table II we report these and other computed spectroscopic constants of the three bound states.
III. PHOTOABSORPTION SPECTRUM
The UV spectrum of ClO is dominated by the X 2 ⌸ →A 2 ⌸ absorption band ͑see 
a For the degenerate ⌸ states, only the ⌸ x component is listed.
standing of predissociation and other photophysical aspects must be based on potential energy curves which are able to reproduce the spectroscopic results with sufficient accuracy. The data presented in Table II show that our X and A 2 ⌸ potentials, although of rather good quality, can be easily corrected to yield a better accuracy on the basis of available experimental data. The A 2 ⌸ potential should be slightly lowered ͑the atomic excitation energy of oxygen is overestimated by 0.008 eV͒ and both the X and A 2 ⌸ curves made more attractive, by 0.28 and 0.07 eV, respectively. Therefore, we decided to shift downwards all the potentials which end up in the O( 1 D) asymptote. Moreover, we apply a correction in the form Ae Ϫ␣R to the ground state potential, with parameters apt to reproduce the experimental values of R e and D e . Similarly we determine a correction for the A 2 ⌸ potential, and we apply it to all the excited states, so that the crossing points between A 2 ⌸ and the repulsive curves are almost unaffected. All values have been computed with reference to ''spin-orbit free'' experimental values, as those given in Table II ; atomic and molecular energies are taken as baricenters of the fine structure multiplets. Finally, to the corrected curves we apply the computed spin-orbit splittings to simulate the spectra.
A very detailed assignment of roto-vibrational bands is out of the scope of this work ͑see McLoughlin et al. 8 and Marić and Burrows 12 for much more accurate spectral simulations͒. Our aim is just to verify that our potentials are able to yield a reasonably good representation of the spectrum. Therefore we have taken as reference the spectrum published by Trolier et al., 7 who measured the absolute photoabsorption cross-section as a function of wavelength, although with low resolution. The X 2 ⌸→A 2 ⌸ absorption band is of composite origin. The two isotopes of Cl, 35 Cl, and 37 Cl, contribute in the 3:1 ratio, approximately. The positions of the 0→v vibrational subbands for the two isotopes differ by at most 25 cm Ϫ1 , between vϭ10 and vϭ15; the difference decreases for both higher and lower v. The two ⍀ components of the ground state doublet, X 2 ⌸ 3/2 and X 2 ⌸ 1/2 , are populated in the ratio 5:1 at temperatures of 250 K, as in the measurements of Trolier et al., 7 and give place to a splitting of about 200 cm Ϫ1 in the absorption spectrum. At the same temperature, for each component, the most populated rotational state has JӍ14, and the population decreases to half of the maximum for JӍ25. Now, given the difference in the rotational constants of the X and A 2 ⌸ states (Bϭ0.62 and 0.45 cm Ϫ1 , respectively͒, the above population distribution entails a broadening of the vibrational bands, due to the overlapping rotational lines, of about 110 cm Ϫ1 . Taking into account the experimental resolution, about 80 cm Ϫ1 according to the authors, 7 we have an overall bandwidth of about 140 cm Ϫ1 . The spectral simulations have been done for the rotational state Jϭ11. 5 matrix elements. Both the discrete and the continuous part of the spectrum have been convoluted with a Gaussian function of FWHMϭ140 cm Ϫ1 . We have ignored the small isotopic effect, but we have summed up the contributions of the two ⍀ components with relative weigths 5:1. The results are shown in Fig. 4 . The experimental pattern is well reproduced. The tallest peak in Trolier's et al. spectrum is that of vϭ12, and we get two subbands of almost identical height for vϭ12 and 13. The ⍀ϭ1/2 contribution is seen only as a slight asymmetry at the basis of the vibrational subbands, especially at low v. The onset of the continuous absorption is just at the top of the absorption band. The maximum is at 269 nm, with an oscillator strength density ‫ץ‬ f /‫ץ‬Eϭ1.57 a.u. ‫ץ(‬ f /‫ץ‬E, the oscillator strength per unit photon energy, is proportional to the photoabsorption cross section : if ‫ץ‬ f /‫ץ‬E is given in a.u. and in Mbarn, ‫ץ‬ f /‫ץ‬Eϭ0.248.) Experimentally, the maximum ‫ץ‬ f /‫ץ‬E is 1.3Ϯ0.2 a.u., at 266 nm. Without considering the experimental error bar, this would mean that the computed transition dipole is overestimated by 9%. The largest error is found in the short wavelength queue, more intense in the computed spectrum than in the experimental one.
We have computed oscillator strength densities for several more electronic transitions, but none of them yields sizable contributions to the absorption between 220 and 365 nm. The strongest ones are due to the X 2 ⌸ 3/2 →1,2 2 ⌺ 1/2 ϩ transitions, with a maximum at 225 nm, still about 30 times less intense than X 2 ⌸→A 2 ⌸ ͑if the experimental cross section at 225 nm is taken as reference, the intensity ratio is 10͒. This is much less that required to explain the partial lack of photofragment anisotropy found by Davis and Lee 13 and interpreted as implying the presence of a perpendicular transition. While more accurate calculations are planned to confirm the present results, we observe that the two 2 ⌺ ϩ curves are very close to each other and probably undergo an avoided crossing just in the Franck-Condon region. In this situation, one would expect a non negligible yield of ground state oxygen atoms, the dissociation product of 1 2 ⌺ ϩ , with a marked wavelength dependence. 32 Experimentally, only 3% is found, which can be explained by the same interactions which cause the predissociation of the A 2 ⌸ state ͑see next section͒.
It is interesting to consider also the absorption due to the 1 4 
; in practice, the two effects contribute separately to the predissociation rate.
In Table III we give the essential parameters of each crossing, including the Landau-Zener transition probability 33 computed assuming vertical excitation; the kinetic energy, whence the radial velocity, is the potential energy in the A 2 ⌸ ⍀ curve at Rϭ2.9662 bohr, minus the energy of the crossing point. The sum of the Landau-Zener probabilities is 2.0% for A 2 ⌸ 3/2 , which is normally the most populated component of the doublet, and 1.9% for A 2 ⌸ 1/2 . We are not far from the yield of ground state oxygen atoms obtained in photodissociation experiments, 13 tive continuum. Again, the experimental results are essentially those of the more populated A 2 ⌸ 3/2 component. From our results one can see that the J dependence is quite smooth. The approximation that ⌫ vJ only depends on v, done in the most accurate simulations of high resolution spectra, 8 is a good one. Less justified is to attribute the same broadening to both fine-structure components, as they show a somewhat different v dependence.
The computed values of linewidths are in good agreement with the experimental ones and show substantially the correct dependence on the vibrational quantum number. For the A 2 ⌸ 3/2 component ⌫ vJ increases with v up to a maximum at vϭ5 ͑experimentally, vϭ6͒, then it decreases down to a minimum at vϭ10 ͑exp., vϭ11͒; another large value at vϭ11 is followed by the last oscillation ͑maximum at vϭ14͒, then ⌫ vJ drops to a fraction of cm
Ϫ1
. Overall, the variation of the broadening as a function of v is correctly reproduced, although generally we compute the same values of ⌫ vJ for lower v's than is experimentally found, especially in the higher part of the spectrum. This pattern is clearly determined by the Franck-Condon factors between bound vibrational states and degenerate dissociative states belonging primarily to 3 2 ⌸, 1 2 ⌬, and 2 4 ⌺ Ϫ ͑in order of importance͒. The A 2 ⌸ -1 2 ⌬ matrix elements exhibit a smooth dependence on v, because the 1 2 ⌬ curve runs very close to the repulsive limb of A 2 ⌸, as already supposed by Bunker and Klein. 16 The other ones are more erratic, because they depend on the position of the turning point of dissociative wave functions relative to outer and intermediate nodes and maxima in the bound vibrational wave functions ͑see Fig. 5͒ . The broadening of the A 2 ⌸ 1/2 vibrational levels is also due mainly to interaction with 3 2 ⌸, but 1 2 ⌺ ϩ is more important for vϭ0, because the 1 2 ⌺ ϩ and A 2 ⌸ 1/2 curves cross near the minimum of the latter.
V. CONCLUSIONS
This is the first comprehensive theoretical study of the excited electronic states of ClO. We have computed potential energy curves, transition dipoles and spin-orbit couplings for several electronic states as yet unknown. 
